Surface effects in a semiconductor photonic nanowire and spectral stability of an embedded single quantum dot Appl. Phys. Lett. 99, 233106 (2011) Strong modification of the reflection from birefringent layers of semiconductor nanowires by nanoshells Appl. Phys. Lett. 99, 201108 (2011) Optical and electrical properties of gold nanowires synthesized by electrochemical deposition J. Appl. Phys. 110, 094301 (2011) Broad spectral response in composition-graded CdSSe single nanowires via waveguiding excitation Appl. Phys. Lett. 99, 181111 (2011) Additional information on J. Appl. Phys. We have investigated the mechanism of photoinduced charge transport and origin of enhanced PC and PL from Au and Ti NPs decorated vertically aligned ZnO NWs arrays. Uniform decoration of metal NPs on the surface of the ZnO NWs was confirmed by high resolution electron microscopy imaging. Absorption spectra also indicate the presence of metal NPs layer with different thicknesses. At a fixed bias, the dark current of the Au/ZnO heterostructures decreases with the increase of Au coverage, while the Ti/ZnO heterostructures show very high dark current. The photocurrent (PC) spectra show a strong peak at the UV region due to the band-edge absorption followed by generation of the photocarriers and two other peaks in the visible region. For the Au/ ZnO heterostructures, the PC increases with increase of Au coverage up to a certain thickness and then decreased. On the other hand, the PC in Ti/ZnO heterostructures increases with the increase of the Ti coverage. The PL spectra for both the system are consistent with the respective PC spectra, which show significant improvement in the band-edge related UV emission and quenching of green emission. The Ti/ZnO heterostructures shows much faster photoresponse compared to the Au/ZnO heterostructures. The changes in the PC and PL spectra with the size of the metal NPs are studied systematically and explained. A model based on energy band alignment is proposed to explain the results.
I. INTRODUCTION
In the field of semiconductor nanostructures, ZnO nanowire (NW) is one of the most promising candidates due to their important physical properties and application prospects. ZnO is a direct wide bandgap materials having bandgap $3.37 eV and high excitonic binding energy. ZnO NWs are extensively studied for their applications in various electronic and optoelectronic devices, e.g., field effect transistors, 1 UV photodetectors, 2-4 solar cells, 5, 6 self-powered piezoelectric nanogenerator, 7 etc. Since the first report on UV photodetection from single ZnO nanowires by Kind et al., 2 many efforts have been done on ZnO NWs to improve its photodetection and photoresponse behaviors. It has been observed that asgrown ZnO NWs always contains various intrinsic defects which are basically trap centers for photocarriers resulting weak photoluminescence (PL) as well as low photocurrent (PC). Lin et al. 8 and Djurisic et al. 9 independently identified several oxygen and zinc related intrinsic defects and also some complex defect states which were probed by PL spectroscopy. Ding et al. 10 also observed various kinds of defects in the ZnO lattice by high resolution electron microscopy, indicating weak crystallinity of the ZnO NWs.
As the photoconductivity of the ZnO NWs is a surface controlled property, therefore, it is expected that vertically grown ZnO NWs array over large area could show very high photocurrent. Earlier, several groups have studied the photodetection behaviors of the ZnO NWs arrays. [11] [12] [13] However the as-grown NWs show very low photocurrent as well as a slow photoresponse. Depending on the nature of the intrinsic defects present on the surface of the NWs anomalous photodetection behavior is also observed, which limit the possibility of use of ZnO NWs for the use as UV photodetectors. Therefore in order to meet the future demands of applications of ZnO NWs based photodetectors in various fields, photosensitivity and photoresponse time of the ZnO NWs based photodetectors require significant improvements. It is known that photodetection and photoresponse of the ZnO NWs depends on the surface condition, structural quality, and rate of oxygen adsorption and photodesorption. 4, [14] [15] [16] [17] To meet the future demands, researchers have put efforts to enhance the photocurrent and photoresponse by improving structural quality, capping the surface of the ZnO NWs with organic materials, decorating the surface with noble metal nanoparticles (NPs), making heterostructures with highly conductive graphene and introducing surface roughness induced traps. [18] [19] [20] [21] [22] [23] [24] [25] In our recent study, we shown that a five times enhancement in the photosensitivity and faster photoresponse could be obtained by employing rapid thermal annealing processing by means of defects/trap center reduction induced structural improvement. 18 Highly UV sensitive polymers/monomers, e.g., polymerized acrylonitrile, polystyrene sulfate and lysine have been used for the surface capping and enhanced photodetection behavior is observed. [19] [20] [21] Effect of Au and Zn NPs decorations on the surface of the ZnO NWs on photoresponse also studied. 22, 23 Cheng et al. 26 reported the significant enhancement of near band edge UV PL and subsequent reduction in the green emission after Au NPs decoration on the surface of the ZnO NWs. They also observed that UV PL intensity could be enhanced up to a certain size of Au NPs, beyond that it reduced. Whereas, Fang et al. 27 reported the a)
Author to whom correspondence should be addressed. gradual decrement of UV as well as green PL emission from Ag NPs deposited ZnO NWs with increasing thickness and gradual increment of PL emission from Zn deposited ZnO NWs. Bera et al. 28 also show low intense UV PL after decoration with Pd NPs on the ZnO NWs and which is consistently decreases with increase in Pd layer thickness. On the other hand, in UV photodetection behaviors Zn decorated ZnO NWs shows higher dark current and also photocurrent. Compare to the as-grown ZnO NWs, Au decorated NWs shows higher photocurrent whereas Pd decorated NWs shows lower photocurrent, although both the systems show lower dark current. These anomalous behaviors in photocurrent and photoluminescence from different metal NPs decorated ZnO NWs made us curious to understand the origin of such anomalous behaviors.
In this work, we investigated the origin of the enhanced photoconduction and photoluminescence (PL) from metal nanoparticles (NPs) decorated vertically aligned ZnO NWs heterostructures. Two different metals, one with lower workfunction (Ti) and one with higher work-unction (Au) than that of ZnO have been chosen for fabrication of the heterostructures. The NPs were deposited on the surface of the NWs by sputtering process and characterized by field emission scanning electron microscopy, high resolution transmission electron microscopy, x-ray diffraction and UV-Vis absorption spectroscopy. The PC, photoresponse and PL are measured for both the systems and compared. A model based on energy band alignment is proposed to interpret the obtained enhancement.
II. EXPERIMENTAL DETAILS
Vertically aligned ZnO NWs arrays were grown on a ZnO seed layer coated Si wafer at 800 C by vapor-liquidsolid (VLS). Details of the substrate preparation and growth process have been described elsewhere. 29 In brief, first ZnO seed layer was deposited on the cleaned Si(100) substrate followed by deposition of ultrathin Au layer (of thickness $2 nm) by sputtering. The Si(100) substrate was pre-cleaned by standard method followed by HF etching to remove the native oxide layer. For the growth of ZnO NWs, commercial ZnO powder (Sigma-Aldrich, purity 99.999%) and graphite powders (Fluka, 99.99%) mixture was used as source material and placed inside a horizontal muffle furnace. The ZnO vapor was formed at 950 C and was deposited on the previously prepared Si substrate which was placed at 800 C. Field emission scanning electron microscopy (FESEM, Sigma, Zeiss) and transmission electron microscopy (TEM, JEM2100, JEOL) with selected area electron diffraction (SAED) pattern was used to confirm the formation of ZnO NWs arrays on the Si substrate. Subsequently, two sets of ZnO NWs heterostructures were fabricated by depositing ultra thin metal NPs on the surface of the NWs by sputtering process. For the fabrication of heterostructures, two types of metals were chosen one with low work-function (Ti, 4.26 eV) and other with high work-function (Au, 5.47 eV) compared to work-function of ZnO (4.65 eV). Ti and Au were deposited for different time duration and the samples are named according to the deposition time. For as-grown and Au deposited for 30, 60, 90 and 145 s samples are named as Au_0s, Au_30s, Au_60s, Au_90s, and Au_145s, respectively. The approximate thicknesses calculated from Au deposition rate are 1, 2, 3 and 5 nm for Au_30s, Au_60s, Au_90s, and Au_145s, respectively. Similarly for the Ti deposited for 60, 145 and 290 s samples are named as Ti_60s, Ti_145s, and Ti_290s, respectively. The approximate thicknesses are 2, 5, and 10 nm for Ti_60s, Ti_145s, and Ti_290s, respectively. The exact thickness of the metal layers in each case cannot be estimated properly as the metal deposition may take place at an oblique angle for some NWs depending on the orientation of the NWs. Size of the NPs forms are actually larger than the metal layer thickness and the size of the NPs over the NWs top and side surfaces strongly influences the optoelectronic properties of the NW heterostructures. The crystal structures of the NWs were characterized by x-ray diffractometer (Seifert 3003 T/T) using a Mo X-ray gun (k ¼ 0.7093Å ). The specular reflectance of the as-grown and NPs decorated heterostructures were measured using a UV-Vis spectrometer (Varian Carry 50). The PL spectra of all the samples were recorded with a 325 nm He-Cd laser excitation using a high-resolution commercial PL spectrometer (FS 920P, Edinburg). For comparative analysis, PL measurements on all samples were made under identical experimental conditions. For the PC measurements, two circular Al contacts of 100 nm thickness were made on the top of the NWs by thermal evaporation process using shadow musk. The diameter of the circular electrodes is $350 microns with a fixed separation of 2.5 mm between the electrodes. The photoresponse was measured using a picoammeter (Keithley, Model 6487) at a bias of 3 V under the illumination of monochromated UV light (wavelength 365 nm) from a 150 W xenon lamp at a light intensity of $0.5 mW/cm 2 in ON and OFF conditions. The UV light is tightly focused onto the sample making sure that the region between the two electrodes is only illuminated. All the measurements were carried out at room temperature and atmospheric pressure.
III. RESULTS AND DISCUSSION
A. Morphology and structural characterization C. The diameter of the NWs is in the range of 100-220 nm and length about a few microns. As seen from the images, the NWs grew vertically aligned to the Si(100) substrate plane and form an array structures. Due to the combined effect of ZnO seed layer and Au catalyst, we obtained perfect vertical orientation of the NWs. Combined effect of seed layer and Au layer on the morphology and orientation of the ZnO nanorods was discussed in detail in our previous study. 29 Inset shows the ZnO NWs at higher magnification. Figure 1 It is also found that Au NPs density is more at the top of the NWs, as expected. To confirm further, TEM imaging was performed. Figure 2 shows the TEM image of the Au_60s sample, which shows that NPs are uniformly distributed over the NWs surface. It also revealed that NPs density is more at the top of the NWs, which is consistent with the FESEM images. The insets show the selected region of the Au coating in a magnified scale and corresponding SAED pattern, which clearly shows that Au NPs are attached on the NWs surface with sizes in range of 3-6 nm. From the high resolution lattice fringe image, the lattice spacing of ZnO NW is found of be 0.51 nm, which indicates the NWs are single crystalline and growth direction along (0001). The lattice spacing calculate from the lattice fringe image of the NPs matches with the (111) plane of Au crystal. The SAED pattern shows the diffraction spots corresponding to the Au(111) plane along with the diffraction spots of ZnO. The SAED pattern further confirmed the crystallinity of the ZnO NWs and presence Au NPs. Therefore, FESEM and TEM imaging confirmed the fabrication of Au NPs decorated ZnO heterostructures. The Ti decorated samples show similar morphology in the TEM images.
To study further about the structures and orientation of the NWs, XRD patterns are recorded using Mo x-ray gun and the results are shown in Fig. 3 . All the patterns show one intense peak corresponding to the (002) plane and a weak peak corresponding to the (103) plane of hexagonal structure. The XRD analyses show that the NWs are single crystalline and oriented along c-axis of hexagonal structure. After the NPs decoration, intensity of the XRD peak reduces while the Au NPs related XRD peak corresponding to Au(111) plane increases with higher coverage of Au NPs. XRD patterns of the Ti decorated ZnO NWs show similar characteristics.
B. UV-Vis specular reflectance and absorption studies ) reflectance spectra of the Au-30 sample. Very low percentage of reflectance in the UV region indicates a high absorption in this region. Other samples show similar spectra with lower reflectance in the UV region. In the reflectance spectra, there are number of reflectance maxima and minima, which are due to multiple internal reflections between airNWs and NWs-substrate interface. 30 The periodicity of the reflectance maxima/minima is inversely proportional to the wavelength of the incident light. The absorption spectra were calculated from the specular reflectance spectra of all the samples according to the method proposed by Rusli et al.
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The absorption calculation was done in the region where n ZnO <n Si is satisfied [n ZnO andn Si : real part of refractive index of ZnO and Si, respectively]. The UV-Vis absorption spectra [ Fig. 4(b) ] of the as-grown and Au NPs decorated ZnO NWs show a high absorption in UV region with a sharp peak at 367 nm corresponding to the band-to-band absorption. The observed weak absorption component in the green region is due to the absorption by the defect states present on the surface of the NWs. The intensity of absorption in the UV region as well as the green region gradually increases with the increase of Au coverage. The inset of Fig. 4(b) shows the directly measured absorption spectra of the 2 nm thick Au film deposited on a quartz substrate. This spectra show a strong surface plasmon (SP) related band at $550 nm along with the broad absorption in the UV-Violet region due to interband transition. 32 In a metallic material, a continuous spectrum of available states has been formed by overlapping of valence and conduction bands. However, some inner levels do not split enough to overlap with these bands, so the system may exhibit interband transitions similar to those in semiconductors. And the interband transitions are more prominent in metal NPs due to limited number of atoms. Therefore, we believe that the obtained enhanced absorption after the Au decoration is due to the combined effect of ZnO and Au absorption. Therefore, it is expected that the obtained high absorption by the NPs decorated NWs will result in enhanced PC as well as PL peak intensity. Note that, decoration of metal NPs affects the surface defects by modifying the surface of the ZnO NWs, which can also enhance the PC and UV PL intensity.
C. Photocurrent and photoresponse studies Figure 5(a) shows the dark current-voltage (I-V) characteristics of the as-grown NWs, Au_90s and Au_145s samples. The I-V characteristics show nearly linear behaviors with current in range of nA. After Au NPs decoration, the dark current is reduced to 8.6 nA from 11.5 nA at 3V bias for the Au_90s sample and it reduces further with higher Au coverage. The decrement of current is more prominent in the lower bias range and at higher bias voltage it reached a value close to the dark current of as-grown NWs, which is clearly visible from the log-log plot shown in inset of Fig. 5(a) . On the contrary, Ti NPs decorated NWs show a dramatic increment in the dark current as compared to the as-grown NWs, as shown in Fig. 5(b) . The dark current is gradually increases with increase in Ti coverage. Detail of the changes in dark current with Au and Ti is mentioned in Table I .
The decrement in dark current in Au/ZnO heterostructures and the increase in dark current in Ti/ZnO heterostructures can be explained from the energy band structure alignment at the interface between the metal and ZnO. It is known that when a metal is brought in contact with semiconductor, it induces band bending due to the equilibrium of Fermi level. 33, 34 Depending on the difference in the workfunctions of metal and semiconductor, two types of contacts have been formed at the metal semiconductor interface. Since the work-function of ZnO (4.65 eV) 35 is smaller than the Au (5.47 eV), 36 an upward energy band bending is expected and a Schottky contacts will be formed at the interface region [see Fig. 5(c) ]. As a result, no electron will transfer from Au to the conduction band of ZnO. However, at a lower bias voltage few electrons can pass from ZnO to the Al electrode, giving very low dark current. At higher bias voltage, which is greater than the Schottky barrier height, all the electrons can flow to external circuit giving almost equal dark current as for the case of as-grown NWs. On the contrary, in case of Ti/ZnO heterostructures, due to the lower work-function of Ti (4.26 eV) 36 an Ohmic contact is formed with downward band bending, which is shown schematically in Fig. 5(d) . In this case, more numbers of electrons can easily transfer from Ti to the conduction band of ZnO at the interface. Then under the bias, these electrons will contribute to the current conduction process resulting in high dark current. In the Ti_290s sample, the Ti-ZnO interface regions are more compared to the Ti_60s sample, so more number of electrons can flow to the ZnO causing gradual increase of dark current with increase in Ti coverage. Therefore, the band bending at metal-ZnO interface can explain the observed change in the dark current satisfactorily.
As the dark current of the Au/ZnO heterostructures is lower than the as-grown ZnO NWs, it is expected that the PC would be lower than the as-grown case. Similarly for the Ti/ZnO heterostructures it would be much higher value. However, in both the cases we found enhanced PC under the UV excitation. To study the origin of the enhanced PC from both the systems, we carefully measured the wavelength dependence of PC at a bias of 3V under the excitation wavelength in the range 300-700 nm. The measured PC spectra of the Au/ZnO heterostructures and Ti/ZnO heterostructures are shown in Fig. 6 , along with that of the as-grown ZnO NWs. The PC spectra of the as-grown NWs show a strong peak in the UV region at 369 nm and a broad peak in the green region. The observed strong peak at 369 nm in the PC spectra is due to the band-edge absorption followed by generation of photocarriers (electron-hole pair). 13, 18 The other peak in the visible region is due to the generation of carriers from the defect states. 11 For the Au_90s sample, the intensity of the PC peak in the UV as well as in the visible region is significantly enhanced. The maximum PC is obtained from Au_90s NWs is 25.26 lA, leading to a very high photosensitivity value of 2.9k. Compared to the photosensitivity of the as-grown NWs (414), a seven time enhancement in photosensitivity is obtained. The broad photocurrent peak from the Au/ZnO heterostructures in the visible region is due to the Au NPs absorption related carrier transfer to the conduction band of ZnO. However, with further increase of Au coverage the PC decreased for Au_145s sample. On the contrary, for Ti/ZnO heterostructures the PC gradually increases with the increase in Ti coverage. The PC in the UV region dramatically enhanced, while in the visible region it slowly increases. The Ti-290s sample gives PC of 65.5 lA at excitation of 369 nm. Although the obtained PC from Ti/ZnO heterostructures are quite high, but due to higher dark current the photosensitivity values are relatively low. The obtained PC spectra are consistent with the absorption spectra of the corresponding samples.
The dissimilar behaviors in the PC spectra from Au/ZnO and Ti/ZnO heterostructures can be explained from their absorption spectra and the respective energy band diagram. In ZnO NWs grown from vapor deposition method, the green emission ($500 nm) is well known and it is generally regarded to be related to the oxygen vacancy related surface defect. 8, 9 In case of Au/ZnO heterostructures, with respect to the vacuum level, the energy level of green defect states (5.43 eV) and Fermi level of Au (5.47 eV) is very close to each other. 36 Therefore, the electrons from this defect states can transfer to the Fermi level of Au, which increases the electron density at the Fermi level of Au. The Au NPs are excited by incident light in the UV-violet region due to interband transition and in the green region due to the surface plasmon resonance (SP band), 32 as seen from the absorption spectra of Au NPs. Subsequently, the excited energetic electrons stay in higher energy states, and these are so active that they can escape from the surface of the NPs and transfer to the conduction band of ZnO. Under external bias, these electrons along with photogenerated electrons due to band edge absorption of ZnO contributed to the current conduction process. Earlier, Lin et al. 37 explained the electrons transfer process from Au to the conduction band of ZnO to account for the enhancement of UV PL intensity from the Au NPs decorated ZnO nanorods. In the present case, we believe that the enhanced photocurrent in the UV as well as visible region is due to the increase in electron density in the conduction band of ZnO by ZnO band edge absorption and electron transport via Au NPs. For the Au-145s sample, NPs grew larger and form a continuous film instead of NPs. Therefore, a significant decrement in the absorption magnitude by Au NPs is expected. Because, the interband transition as well as surface Plasmon resonance are prominent in the smaller diameter NPs due to limited number of atoms. This explains the reduction of PC with higher Au coverage, i.e., 145 s of sputtering of Au. On the contrary, for the Ti/ZnO heterostructures, due to the formation of Ohmic contacts, a large numbers of electrons transfer from Ti to conduction band of ZnO increases electron density. When the sample is excited with UV light it gives a very high PC. With the higher thickness of Au coating, more numbers of Ti NPs are attached on the surface of the ZnO NWs, which increases the electron density in the conduction band. As a result, PC increases with the increase in Ti coverage.
To study further the effect metal NPs decoration on the photoresponse, we performed the photocurrent growth and decay measurement of the as-grown, Au/ZnO heterostructures and Ti/ZnO heterostructures under UV light (wavelength 365 nm) pulse in ON and OFF conditions and the results are shown in Fig. 7 . The PC initially grows very fast, then slowly increased with time and finally saturated. It is known that the photoresponse of the ZnO NWs consists of two parts: a rapid process of photogeneration and recombination of electron-hole pairs, and a slow process of surface adsorption and photodesorption of oxygen molecules. The time-dependent PC growth and decay curves are fitted with the following equation,
(1)
where I, A 1 ,A 2 ,A 3 and A 4 are positive constants and I ph ð1Þ refers to the photocurrent after infinitely long time of the decay experiment, which essentially is the dark current. The significance of each term in the PC growth and decay equations are explained in our previous work. 18 The first exponential term in the growth and decay equations corresponds to the electron-hole generation and recombination processes and the last exponential term represents the oxygen adsorption process. The measured photoresponse parameters are tabulated in Table I decrement with the increase in Ti coverage. The Ti_290s sample shows fastest photoresponse with growth and decay time constants of 1.4, 43.9 s and 4.7, 219.5 s, respectively. These data demonstrate a significant improvement in the photoresponse process in heterostructures and much faster photoresponse could be obtained from Au or Ti decorated ZnO NWs.
To explain the faster photoresponse from the metal NPs decorated ZnO NWs, first we need to know the involvement of oxygen adsorption and photodesorption processes in the photoresponse of ZnO. Due to the presence of intrinsic oxygen vacancy defects on the surface of the ZnO NWs, in dark condition oxygen molecules are attached on the surface by adsorption process and captured free electrons. 3, 14 This process results in decrement in conductivity by forming a depletion layer near the surface. Under the UV irradiation, electron-hole pairs are generated which increase the photocurrent and oxygen molecules are released by photodesorption process. At the same time some of the released oxygen molecule is re-adsorbed and decreased the photocarriers. As a result a steady state photocurrent value is obtained after certain time. When UV light is off, electron-hole recombination and adsorption process dominates and photocurrent value reached the initial value after certain time of decay. Therefore, the rates of oxygen adsorption and photodesorption processes are primarily control the photoresponse time. In the present case, due to the decoration of metal NPs, surface of the ZnO NWs becomes modified. We believe that this modified surface facilitated to increase the adsorption and desorption process, resulting in faster photoresponse.
D. Photoluminescence studies
The room temperature PL spectra of the as-grown and Au/ZnO heterostructures are shown in Fig. 8 . As-grown NWs exhibit near band edge (NBE) UV emission at 379 nm and a broad green emission band. Gaussian multipeak fitting shows the existence of two green emission bands, one at 490 nm (1st green emission) and another at 545 nm (2nd green emission). The observed NBE emission is due to bound excitonic recombination, the 1st green emission is due to the presence of oxygen vacancy states on the surface of ZnO NWs and 2nd green emission band is due to the presence of deep interstitial oxygen states inside the NWs. 8 After the Au NPs decoration, the UV peak intensity is drastically enhanced and green emission peaks are significantly reduced. The intensity of the UV peak gradually increases with the Au coverage up to Au-90s and then suddenly decreased with further increase in deposition time. Here a fourteenth fold enhancement in the UV peak intensity is obtained from the Au_90s sample. In our previous study, threefold enhancement in the UV peak intensity is obtained from the ZnO NWs by employing rapid thermal annealing by means of structural improvement. 38 However, in the present case obtained enhancement factor is significantly high. Similar improvement in the UV emission and subsequent quenching of green emission from the Au NPs decorated ZnO NWs and thin film are also reported. 39, 40 And the observed enhancement is attributed to the interaction between the spontaneous recombination in ZnO and surface plasmons arising from metal NPs interfaces. The changes in enhancement factor of various peaks from Au/ZnO heterostructures with Au NPs deposition time are shown in Figs. 8(e) and 8(f). Enhancement factor of both the UV emission and UV to first green emission gradually increases up to Au_90s and then decreased. Whereas, the enhancement factor of 1st and 2nd green emissions is suddenly dropped for Au_30s sample and then slowly decrease with further sputtering of Au NPs.
On the contrary, Ti/ZnO heterostructures show enhancement in the UV as well as green emissions intensities, which are shown in Fig. 9 . The change in enhancement factors for various PL emission peaks with the Ti deposition time is shown in Figs. 9(e) and 9(f). In this case, enhancement factors of UV, 1st green, 2nd green emission and ratio of UV to 1st green emission gradually increase with the increase in Ti deposition time. The obtained PL spectra of Au/ZnO and Ti/ ZnO heterostructures are consistent with their corresponding PC spectra. In an earlier work, Liao et al. 41 prepared Ti doped ZnO NWs by Ti plasma immersion ion implantation method and shown that UV PL intensity as well as the transport properties could be tuned by energy controlled Ti plasma immersion ion implantation. The enhanced PL can be explained from the respective energy band diagram as mentioned before to explain enhanced PC spectra. In case of Au/ZnO heterostructures, when it is excited with 325 nm laser light ZnO will absorb the light and will emits in UV and green region. As explained before, the defect level (5.43 eV) and Fermi level of Au (5.47 eV) is very close to each other. 36 Therefore, the electrons from this defect states can transfer to the Fermi level of Au, which increases the electron density at the Fermi level of Au. From the absorption spectra, it is clear that due to the surface plasmon resonance Au absorbs the green emission from ZnO and get excited. After resonance, energetic electrons on the surface of the NPs will moves to the SP band, which have energy higher than the conduction band of ZnO. These active electrons can easily moves to the conduction band of ZnO, which facilitate the radiative recombination process between electrons in the conduction band and holes in the valance band of ZnO. This mechanism explains the enhancement in the UV PL and decrement in the green emission intensities in Au/ZnO heterostructures. It is also likely that the coupling between ZnO exciton and Au SP is possible which may lead to the PL enhancement. 26 In contrast, low work-function of Ti in the Ti/ZnO heterostructures will facilitate the electrons transferring process from Ti to ZnO and electrons accumulation on the surface/interface will increase substantially. Therefore, even if the photon-generated electron-hole pairs are separated at the interface, the radiative recombination probability of electrons on the conduction band and in the defect energy band with holes in the valence band will increase dramatically due to replenishment of electrons from Ti. As a result, both the UV and green emissions intensities increase with Ti coverage. The low temperature PL data of polymer coated ZnO NWs, measured by Liu et al. 42 and Zn coated ZnO NWs measured by Fang et al. 27 showed ignificant improvement in the intensity of donar bound exciton (DX)/ surface exciton (SX) related emissions. Since these emissions are associated with the excitons trapped on the surface, it implied that after the coating number of excitons and thus excitons related recombination increase. Our explanation is in well accordance with the above mentioned low-temperature PL results. Therefore, this hypothesis satisfactorily explains the enhancement in the PL as well as PC spectra of the Au/ ZnO and Ti/ZnO heterostructures.
IV. CONCLUSIONS
We investigated the mechanism of photoinduced charge transport and origin of enhanced PC and PL from Au and Ti NPs decorated vertically aligned ZnO NWs arrays. Large enhancement in PC and UV PL intensity are obtained from Au/ZnO and Ti/ZnO heterostructures, and much faster photoresponse is obtained from both the systems. The mechanism of enhanced PC in Ti/ZnO is explained on the basis of electron transfer from Ti to ZnO through an Ohmic contact. In the Au/ZnO heterostructures, due to the formation of Schottky barrier, the PC as well as PL would decrease. However, we found a very high PC as well as high PL intensity. The obtained enhancement in the PC and PL are explained by surface plasmon resonance assisted electrons transfer to the conduction band of ZnO. This hypothesis is in well accordance with the absorption spectra and dark current-voltage characteristics of the Au/ZnO and Ti/ZnO heterostructures. This understanding will help to design and fabricate ZnO NWs heterostructure based efficient UV photodetectors with very high sensitivity as well as faster photoresponse.
